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Abstract
Direct measurement of vertical and longitudinal sediment fluxes on migrating sandy bedforms are
extremely difficult to perform in both the field and laboratory. In this study we use the LES–
DEM (large eddy simulation–discrete element method) solver SediFoam to examine the individual
particle motions and resulting fluxes in a domain of self-generated bedforms. In SediFoam, the
motions of, and collisions among, the sediment grains as well as their interactions with surrounding
turbulent flows are captured. The numerical simulations are performed over a range of transport
settings, spanning bedform inception through washout conditions, to examine the individual particle
dynamics. The space-time evolution of sand bed surfaces is demonstrated. The self-generated
bedforms are stable at relatively low Reynolds numbers, but then become increasingly unstable at
higher Reynolds numbers; eventually washing out as the number of bypass grains and particles in
suspension increase. Data from the simulation are used to examine the vertical entrainment rate of
particles and the fractionation of total sediment load into bed and suspended fractions as a function
of transport conditions. The study also compares the sediment transport rate obtained using the
bedform geometry and celerity to the true transport rate at different transport stages.
Keywords: particle dynamics, ripples, dunes, sediment transport, Large Eddy
Simulation–Discrete Element Method
1. Introduction
The development of asymmetric bedforms at the interface of a flowing river and its bed is
a distinguishing feature of sand-bed rivers. These features arise naturally as dynamically stable
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entities birthed from instabilities in the coupled fluid and sediment system, and their presence
strongly influences river hydraulic and sediment transport characteristics. Due to the importance
of dunes in river mechanics, and their compelling physical and mathematical ascetics, their study
has garnered substantial attention from researchers over many years (e.g., Gilbert, 1914; Anderson,
1953; Kennedy, 1963; Mohrig and Smith, 1996; McElroy and Mohrig, 2009; Charru et al., 2013).
Nevertheless, there is still much about dunes we are currently learning (e.g., Naqshband et al.,
2014b, 2015; Emadzadeh and Cheng, 2016; Venditti et al., 2016), and a unified quantitative ap-
proach to account for sediment mass flux in the longitudinal and vertical directions in the presence
of migrating dunes is lacking (Garc´ıa, 2008).
Classic modeling of sediment transport in sand bed rivers conceptually discretizes active river
beds into three vertical layers based on particle mobility and mode of transport (Fig. 1). These three
layers consist of a stable bed layer (with particle velocities, up = 0, and solids volume fraction, or
volume concentration, εs, greater than 0.5, and a vertical coordinate y < η), a mobile, but dense,
bed load layer with variable thickness, δs, (η ≤ y ≤ yb), and a more disperse suspended phase
(y > yb); based on this particular definition, the elevation of the bed surface, η, is taken to coincide
with the top of the immobile layer. The unit width volume flow rate of sediment traveling between
y = η and y = yb is the bed load transport rate, qb [L
2t−1], and the volume flow rate of sediment
moving above the elevation of y = yb is the suspended load, qs [L
2t−1]; the summation of the bed
and suspended loads is the total load, qt. Exchange between the bed and bed load layer is accounted
for with the entrainment and deposition rates evaluated at y = η, qe|η and qd|η. Similarly exchange
between the bed load and suspended layers is accounted for using erosion and deposition functions
evaluated at y = yb, qe|b and qd|b (Fig. 1).
In typical reach-scale sediment transport calculations and morphodynamic simulations, the
individual sediment particles are not directly resolved; nor are, in most cases, ripple or dune-scale
changes in the bed elevation (Giri and Shimizu, 2006; Khosronejad and Sotiropoulos, 2014). Instead,
sediment is modeled as a continuous substance, and moved throughout the domain using the vertical
exchange terms, the computed fluid velocities, and the longitudinal bed or total loads. Common
assumptions are that material in suspension travels with a speed equal to the fluid velocity; the bed
load is in equilibrium with local conditions; and that qd|b and qe|b can be modeled as: qd|b = wsεs|b
and qe|b = wsEs = wsεs|be, where ws is the terminal settling velocity of the sediment, εs|b is
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Figure 1: Sketch of the three-layer conceptualization of a mobile sediment bed.
sediment concentration near the interface of the suspended and bed load layer, and Es (or εs|be)
is the entrainment function, which is taken to be the near bed concentration under equilibrium
conditions when erosion and deposition are locally balanced. Therefore, to model the movement of
sediment and the resulting bed deformation, the closure equations for the sediment phase that are
needed are the bed load flow rate, qb, and the entrainment function, Es.
Many empirical functions for these two quantities have been proposed over the years (Garc´ıa,
2008). However, obtaining data to evaluate qb, qs, and Es independently and in detail is very
difficult. Rather than measuring individual particle movements, sediment loads are measured in
mass over some time interval and often only at one particular location along a stretch of river or
laboratory flume. Furthermore, disentangling qt, qs, and qb from experimental data, which typically
consist of measurements of qt and εs, can be difficult, and no direct measurements of Es, that we are
aware of, have been made in cases of actively migrating bedforms. Rather, reach averaged values of
Es are extracted from the vertical concentration profiles under equilibrium conditions (Guy et al.,
1966; Garcia and Parker, 1991).
When thinking about sand beds with migrating dunes, it is clear that spatial heterogeneities in
the bed elevations will drive heterogeneities in the longitudinal and vertical turbulence properties
of the flow and, hence, particle mobility (Smith and McLean, 1977; van Rijn, 1984d; Best, 2005).
For example, the recent study of Emadzadeh and Cheng (2016) has highlighted that sediment
entrainment rates vary at different spatial locations over fixed idealized dunes. While most sediment
transport calculations do not resolve bedform scale features, it is possible that further insights into
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the mechanics associated with actively migrating ripples and dunes in turbulent flows may come
from a better understanding of particle motion over the bedform. In addition, the translation of
these mechanics to sediment transport models such as those for qb and Es, could potentially be
enhanced by examining the details of individual particle motions.
For example, advances have recently been made in understanding bed load transport in gravel
beds using particle statistics obtained from high-speed cameras (Ancey, 2010; Lajeunesse et al.,
2010; Roseberry et al., 2012; Campagnol et al., 2015; Fathel et al., 2015). Concurrent with this
new data has been a drive to better describe the motion of the discrete sediment phase in terms
of continuous river properties that can be used in larger-scale morphodynamic modeling (Parker
et al., 2000; Ancey, 2010; Lajeunesse et al., 2010; Furbish et al., 2012, 2016). The focus of these
recent studies has been on the more sporadic motion of gravel particles traveling over a plane flume
bed under equilibrium transport conditions with steady, uniform time-averaged hydraulics. Such
conditions are different from those producing actively migrating sandy bedforms, but it is likely
that some of the basic methodology and discussion generated by this body of work could also help
to improve understanding of transport in sand bed rivers.
Examining particle motion in the presence of translating sandy bedforms presents at least
two complications. The first is that steady hydraulics can only be obtained within a frame of
reference that translates with the bedform. Secondly, even within a moving frame of reference,
both vertical and longitudinal variation in the fluid and transport characteristics exists – even in
the time averaged quantities (Kostaschuk et al., 2009; Naqshband et al., 2014b). Furthermore,
operations such as tracking the jump length of sand grains in experimental ripples and dunes are
difficult. This is due to the combination of particle sizes smaller than gravels, travel distances that
can be up to and longer than one bedform wavelength, large numbers of nearly identical particles
in motion, and opaque water. Needless to say, such constraints exceed the limits that even the
state of the art imaging and image processing technology can currently achieve.
A secondary approach to bolstering our understanding of particle motion in beds with ac-
tively migrating bedforms, is to make use of interface-resolved direct numerical simulations, which
resolve both the turbulent flow, the flow field surrounding each particle, and the interparticle col-
lisions (Aussillous et al., 2013; Fukuoka et al., 2014; Kidanemariam and Uhlmann, 2014a). Such
methods have proved especially fruitful in painting a better picture of the interplay between tur-
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bulence and sediment transport over plane beds (e.g., Kempe et al., 2014; Vowinckel et al., 2014).
A drawback to such methods, however, is that they are highly expensive computationally. For
example, the computational cost for sediment transport simulation of 27,000 grains on a flat bed
is 30 million CPU hours (Vowinckel et al., 2014). Because of the expense, most simulations have
focused on active sediment transport in the absence of self-generated bedforms; an exception to
this statement is the study of Kidanemariam and Uhlmann (2014a).
In the past few years researchers started to use modern, general-purpose particle-resolving
solvers based on LES–DEM to study sediment transport. The LES–DEM has been used extensively
in the past two decades in the chemical and pharmaceutical industry on a wide range of applications
such as fluidized beds, cyclone separator, and pneumatic conveying (Han et al., 2003; Ebrahimi,
2014). In LES–DEM, Large eddy simulation is used to model the fluid flow, which is coupled with
the discrete element method for resolving particle motions. In his pioneering work, Schmeeckle
(2014) used an open-source LES–DEM solver (Goniva et al., 2009; Kloss et al., 2012) to study
suspended sediment transport over featureless beds. The LES–DEM approach is also proved to be
capable of simulating the self-generated ripples/dunes in a pipe or channel (Arolla and Desjardins,
2015; Sun and Xiao, 2016a). It should be noted that the hydro- and morphodynamic models
for sediment transport simulations also gained success in the prediction of dune generation and
migration (Shimizu et al., 2009; Escauriaza and Sotiropoulos, 2011; Nabi et al., 2013a,b). For
example, that Nabi et al. (2013a,b) uses an LES model and a DEM approach based on complete
particle equations of motion. In addition, the number of elements in the DEM model is scaled-
each particles accounts for more mass flux than a single sediment particle, such that the physics
are retained but the computational load is reduced. However, the computation of the sediment
erosion in Nabi’s work is still based on the empirical correlations to describe sediment erosion and
deposition fluxes. Compared with the hydro- and morphodynamic models, the LES–DEM approach
resolves the motion of individual particles, which is an important improvement.
It has recently been shown that SediFoam, a hybrid LES–DEM solver for particle-laden flows
(Sun and Xiao, 2016c), is capable of producing self-organized bedforms with characteristic height
and migration celerities similar to those observed in laboratory flumes (Sun and Xiao, 2016a).
In this study, our first aim is to use SediFoam to examine the individual particle dynamics of
sand grains in a field of self-organize asymmetric ripples. This is done over a range of transport
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settings, spanning from bedform inception to washout conditions. The particle velocities are then
temporally and spatially averaged in a moving frame of reference to extract key sediment transport
quantities. We also compared the averaged values to empirical formulas used in one-dimensional
river morphodynamic modeling, with the primary intent of showing that DEM approaches can be
used to extract the types of data needed to improve understanding and modeling in cases of actively
migrating sandy bedforms. Examining these properties in a moving frame of reference also allows
us to examine the link between translation and deformation of ripples/dunes in light of spatially
varying bed and suspended loads.
2. Methodology
SediFoam is an open-source, highly parallel, robust LES–DEM solver with emphasis on sediment
transport applications. It is capable of simulating the interaction between turbulent structures and
sediment particles. The modeling of translational and rotational motion of each sediment particle
is based on Newton’s second law as the following equations (Cundall and Strack, 1979):
m
dup
dt
= f col + ffp +mg, (1a)
I
dΨp
dt
= Tcol + Tfp, (1b)
where m is the mass of particle; up is particle velocity; t is time; f
col, ffp are particle–particle
collision force and fluid–particle interaction force of Lagrangian particles, respectively; g denotes
gravity. Similarly, I and Ψp are angular moment of inertia and angular velocity of the particle; T
col
and Tfp are the torques due to inter-particle contact and fluid–particle interaction, respectively.
Note that the vectors and tensors are denoted using boldface letters (e.g., u). To compute the
collision forces and torques, the particles are modeled as soft spheres with inter-particle contact
represented by an elastic spring and a viscous dashpot. Further details can be found in Tsuji et al.
(1993).
Locally-averaged incompressible Navier–Stokes equations are used to describe the fluid flow by
applying local averaging the variables such as fluid velocity and pressure. Assuming constant fluid
density ρf , the governing equations for the fluid are (Anderson and Jackson, 1967; Kafui et al.,
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2002):
∇ · (εsUs + εfUf ) = 0, (2a)
∂ (εfUf )
∂t
+∇ · (εfUfUf ) = 1
ρf
(
−∇p+ εf∇ · τ + εfρfg + Ffp
)
, (2b)
where εs is the solid volume fraction; εf = 1 − εs is the fluid volume fraction; Uf is the fluid
velocity. The terms on the right hand side of the momentum equation are: pressure gradient
∇p, divergence of the stress tensor τ (including viscous and Reynolds stresses), gravity, and fluid–
particle interaction forces per unit mass, respectively. Note that the velocities and the forces
associated with individual particles are denoted as u and f , respectively; and the velocities and
forces in the continuum scale are denoted as U and F, respectively. In the present study, large-eddy
simulation is applied to resolve the flow turbulent motions that are larger than the spatial filter
which is the same as the grid size. The stress tensor is composed of both viscous and Reynolds
stresses: τ = µ∇Uf +ρfR, where µ is the molecular viscosity of fluid and R is the Reynolds stress.
The expression of the Reynolds stress is:
R = 2
ρf
µtS− 2
3
kI, (3)
where µt is the eddy viscosity, S = (∇Uf+(∇Uf )T )/2 is the rate-of-strain tensor, k is the turbulent
kinetic energy, and I is the identity matrix. We applied the one-equation eddy viscosity model pro-
posed by Yoshizawa and Horiuti (1985) as the sub-grid scale (SGS) model. The one-equation eddy
model solves a transport equation for the sub-grid scale kinetic energy on which the eddy viscosity
depends. It is observed by Yoshizawa and Horiuti (1985) that the standard Smagorinsky model
would be recovered from the one-equation eddy model if production equals dissipation. However,
the one-equation eddy model can provide better accuracy under non-equilibrium circumstances in
channel flows (Fureby et al., 1997; De Villiers, 2007). It is noted that in the stress tensor τ term,
the fluctuations of the fluid flow at the boundary of the particle are not resolved. The Eulerian
fields εs, Us, and F
fp in Eq. (2) are obtained based on the volume, velocity, and fluid-particle
interaction force from each Lagrangian particle contained in a given fluid grid cell.
The fluid-particle interaction force ffp in Eq. (1a) consists of buoyancy f buoy, drag fdrag, lift
force f lift, and pressure gradient force fpg. The drag force model proposed by Syamlal et al. (1993)
is applied to the present simulations. The drag on an individual component sphere i is formulated
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as:
fdragi =
Vp,i
εf,iεs,i
βi (Uf,i − up,i) , (4)
where Vp,i and up,i are the volume and the velocity of particle i, respectively; Uf,i, εf,i, and εf,i
are the fluid velocity, solid volume fraction, and fluid volume fraction interpolated to the center
of particle i, respectively; βi is the drag correlation coefficient which accounts for the presence of
other particles. The βi value in the present study is based on Syamlal et al. (1993):
βi =
3
4
Cd,i
Γ2r,i
ρf |Uf,i − up,i|
dp,i
εf,iεs,i, with Cd,i =
(
0.63 + 0.48
√
Γi/Repv,i
)2
, (5)
where Cd,i is the drag coefficient of particle i; dp,i is the diameter of particle i; the particle velocity
Reynolds number Repv,i is defined as:
Repv,i = ρsdp,i|Uf,i − up,i|/µ; (6)
the Γi is the correlation term for the i-th particle:
Γi = 0.5
(
A1,i − 0.06Repv,i +
√
(0.06Repv,i)2 + 0.12Repv,i(2A2,i −A1,i) +A21,i
)
, (7)
where A1 and A2 are asymptotic values of the relative velocity (i.e., the ratio between the particle
terminal velocity in the presence of other particles and the terminal velocity of a single particle) at
low and high Reynolds numbers, respectively (Garside and Al-Dibouni, 1977):
A1,i = ε
4.14
f,i , A2,i =

0.8ε1.28f,i if εf,i ≤ 0.85,
ε2.65f,i if εf,i > 0.85.
(8)
In addition to drag, the lift force is considered in the simulations. The velocity gradient in the
flow field can lead to the lift forces on a spherical particle. This is because the velocity gradient
will result in a flow deflection at the particle surface so that the flow velocity, and consequently
the pressure, on one side can be different from the other side. The pressure difference causes the
lift forces. The lift force on a spherical component particle is modeled as (Saffman, 1965; van Rijn,
1984a; Zhu et al., 2007):
f lifti = Cl(ρfµ)
0.5d2p,i (Uf,i − up,i)×
ωi
|ωi|0.5 , (9)
where Cl = 1.6 is the lift coefficient, ωi = ∇×Uf,i is the flow vorticity interpolated to the center
of particle i, and × indicates the cross product between vectors. The pressure gradient force fpg is
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modeled as (Chu et al., 2009):
fpgi = Vp,i∇pi, (10)
where pi is the pressure interpolated to the center of particle i. We consider the pressure gradient
force because temporal pressure fluctuations on the scale of the particles can produce far larger
instantaneous forces.
3. Implementations and numerical methods
The hybrid LES–DEM solver SediFoam is developed based on two state-of-the-art open-source
codes in their respective fields. LES is performed by using CFD (Computational Fluid Dynamics)
toolbox OpenFOAM (Open Field Operation and Manipulation)(OpenCFD, 2013), and DEM is
performed by a molecular dynamics simulator LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) which is developed at the Sandia National Laboratories (Plimpton, 1995). A
parallel LAMMPS–OpenFOAM interface is implemented for the communication of the two open-
source solvers. The code is publicly available at https://github.com/xiaoh/sediFoam under GPL
license. Detailed introduction of the implementations of this hybrid solver is discussed in Sun and
Xiao (2016c).
The fluid equations in (2) are solved in OpenFOAM with the finite volume method (Jasak,
1996). The coupled pressure and velocity fields are solved by using PISO (Pressure Implicit Split-
ting Operation) algorithm (Issa, 1986). A second-order central scheme is used for the spatial
discretization of convection and diffusion terms. Time integrations are performed with a second-
order backward Euler scheme. An averaging algorithm based on diffusion is implemented to obtain
smooth εs, Us and F
fp fields from discrete sediment particles (Sun and Xiao, 2015a,b). In the av-
eraging procedure to get the averaged Lagrangian particle quantities (εs, Us, and F
fp in Eq. (2)),
the diffusion equations are solved on the same mesh for LES. A second-order central scheme is used
for the spatial discretization of the diffusion equation; a second-order implicit scheme is used for
the temporal integration. To resolve the collision between the sediment particles, the contact force
between sediment particles is computed with a linear spring-dashpot model (Cundall and Strack,
1979). The time step to resolve the particle collision is less than 1/50 the contact time to avoid
particle inter-penetration (Sun et al., 2007).
The LES–DEM solver SediFoam has been verified and validated extensively with cases of general
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particle-laden flows and specific applications in sediment transport. Gupta (2015) verified the
implementation of the inter-phase momentum transfer term and validates the solver against various
fluidized bed applications; Sun and Xiao (2016c) validated SediFoam by using a test of 500 moving
sphere particles and found the results agree well with the DNS results (Kempe and Fro¨hlich, 2012);
Sun and Xiao (2016a) simulated several different sediment transport regimes, including “flat bed
in motion”, “small dune” and “vortex dune”, and the results agree with experiments (Ouriemi
et al., 2009) and interface resolving simulations of Kidanemariam and Uhlmann (2014b,a); Sun
and Xiao (2016d) demonstrated the capability of the solver in the simulation of sediment transport
in sheet flows induced by oscillatory boundary layer. More recently, the feasibility of simulating
irregular particles with SediFoam by using bonded spheres has also been demonstrated and the
results were compared with experimental measurements (Sun and Xiao, 2016b). In this study,
we performed an additional validation of grain avalanching, the results of which are presented
in the Appendix. The repose angle obtained in the avalanching test is consistent with those in
the literature (Goniva et al., 2012; Zhao and Shan, 2013). Therefore, we can conclude that the
capabilities of SediFoam in representing particle dynamics and fluid-particle interactions in various
regimes of sediment transport have been adequately demonstrated. The objective of the present
study is to use this well-validated high-fidelity simulation tool to probe the physics of particle
dynamics in self-generated bedforms.
4. Conditions for runs
The numerical tests of the self-generated bedforms are performed at different bulk Reynolds
numbers Reb varying from 6,000 to 12,000. The bedforms grow in size from Case 1 to Case 2, and
then began to wash out in Cases 3 and 4. The bulk Reynolds number Reb is defined as 2HbUb/ν,
where Hb = 23dp is the equivalent boundary layer thickness as measured from the initial bed
surface to the top of the computational domain; Ub is the mean bulk flow velocity in the equivalent
boundary layer; ν is the kinetic viscosity of the fluid. The selection of the equivalent boundary layer
thickness is according to (Kidanemariam and Uhlmann, 2014a). The thickness of the initial flat
sediment bed layer is Ly−Hb = 10dp. The setup of the numerical tests is based on previous studies
of bedform migration (Kidanemariam and Uhlmann, 2014a; Sun and Xiao, 2016a). LES–DEM
resolved four-way coupled interactions among the fluid and particles, which include fluid-to-particle,
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particle-to-fluid, and particle–particle interactions (Kuipers and van Swaaij, 1997). At each time
step, the DEM gives the information to update the fluid field, and the fluid-particle interaction
force according to the updated fluid flow data is incorporated into the DEM. The trajectories of
the sediment particles are captured by using DEM and thus we can investigate the characteristics
of individual particles.
(a) Layout (b) Forces Computation
(c) Simulation Snapshot
Figure 2: Layout of the numerical simulations of self-generated bedforms (Panel A), the force computation on
individual particle (Panel B), and a snapshot of the simulation (Case 1: Reb = 6,000). In Panel A, the brown
particles are moving particles; the gray particles are fixed to provide rough wall boundary conditions. Note that the
particle and bedform sizes are not to scale. In Panel B, only the forces on one particle are plotted. In Panel C, the
zoom-in view, top view, and side view are also presented.
The dimensions of the domain, the mesh resolutions, and the fluid and particle properties are
detailed in Table 1. The geometry of the domain is shown in Fig. 2(a), and x-, y- and z- coordinates
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Table 1: Parameters of the numerical simulations.
Case 1 Case 2 Case 3 Case 4
Description small dune large dune washing out washed out
Domain dimensions
length, height, thickness
312× 33× 80
(Lx/dp, Ly/dp, Lz/dp)
length, height, thickness
156× 16.5× 40
in mm (Lx, Ly, Lz)
Mesh resolutions
length, height, thickness (Nx, Ny, Nz) 120× 140× 40
Particle properties
total number 272,000
diameter dp [mm] 0.5
density ρs [×103 kg/m3] 2.5
terminal settling velocity ws [m/s] 0.06
particle stiffness coefficient [N/m] 200
normal restitution coefficient 0.3
coefficient of friction 0.4
Fluid properties and flow conditions
kinetic viscosity ν [×10−6 m2/s] 1.5
density ρf [×103 kg/m3] 1.0
boundary layer thickness 2Hb/dp 46
bulk Reynolds number Reb = 2UbHb/ν 6,000 8,000 10,000 12,000
mean flow velocity Ub [m/s] 0.39 0.52 0.65 0.78
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are aligned with the streamwise, wall-normal, and lateral directions, respectively. It is important
to note that the computational domain sizes must be large than the size of the largest turbulent
coherent structures and the largest bedform patterns that may develop during the simulations.
Clearly, in the simulations no turbulent structures or bedform patterns large than the domain
can develop, and an inadequate domain size would artificially suppress the development of these
structures. On the other hand, as the sediment particle diameter is given and the CFD mesh needs
to be fine enough to resolve the smallest energetic turbulent eddies, increasing the domain size would
increase the total number of particles and the number of grid cells in the simulations and thus would
increase the costs. Therefore, it is important to use a domain size that is large enough but not
much larger in consideration of reducing computational cost. A recent study of Kidanemariam
and Uhlmann (2017) has found that the minimum length to generate stable ripples is about 100dp.
They further demonstrated that the dune features (i.e., height, wavelength, migration velocity) do
not vary significantly when the computational domain length is larger than the minimum length.
In this present simulations we used domain size of 312dp, which is larger than the minimum size
required 100dp. The physical parameters of the simulation are also shown in Table 1. The particle
diameter is 0.5 mm and the channel height is 16.5 mm. The sizes of small dunes generated in Case
1 is about 80 mm after 24s. The bulk velocities in the simulations varies from 0.39 to 0.78 m/s.
For Case 1, the time step is 5× 10−4 s for the fluid flow and 1× 10−6 s for the particles.
The LES mesh in streamwise (x-) and lateral (z-) directions is uniform in size; whereas the
grid segments in vertical (y-) direction are progressively refined towards the bottom boundary.
The boundary conditions for both pressure field and velocity field are periodic in both x- and
z-directions. In y-direction, zero-gradient boundary condition is applied for pressure field; no-slip
wall condition is applied at the bottom for velocity field, and slip wall condition is applied on the
top. A pressure gradient is applied on the whole domain to maintain the constant bulk flow velocity.
To provide a bottom boundary condition for the moving particles, three layers of fixed particles are
arranged hexagonally at the bottom (Gupta et al., 2016). A perturbation of the first layer of the
fixed particles is added to avoid moving particles from forming a perfect lattice. This is because
the perfect lattice of sediment particles can significantly reduce the sediment transport rate. The
properties of the sediment particles and fluid flow used in the present simulations are consistent
with the numerical benchmarks (Kidanemariam and Uhlmann, 2014a). To be consistent with the
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numerical benchmark, the linear contact model is also used. It should be noted that the viscous
damping effect during the particle collision should be considered. Hence, the collision restitution
coefficient used in the present work is 0.3, which is smaller than the coefficient for dry quartz. This
is used in the DEM simulations of sediment transport problems (Schmeeckle, 2014; Kidanemariam
and Uhlmann, 2014a).
The initialization of the present numerical simulations follows previous studies (Kidanemariam
and Uhlmann, 2014a; Sun and Xiao, 2016a). A separate simulation of particle settling without
considering the hydrodynamic forces is performed to obtain an initial configuration of the particles.
In this settling simulation, particles fall from random positions under gravity with inter-particle
collisions. To initialize the fluid flow, each simulation first runs 20 flow-through times with all
particles fixed at the bottom.
5. Results
5.1. Shear velocity decomposition and averaged transport conditions
The simulation conditions listed in Table 1 gave rise to the development of mobile bedforms.
Because of this, the pressure gradient needed to maintain the unit width discharge of water had to
increase from the initial value within each simulation as more and more particles began to move,
collide, and self-organize into bedforms. As will be discussed in the next section, bedforms grew
in size from Case 1 to Case 2, and then began to wash out in Cases 3 and 4. As such, the total
boundary resistance increased from Case 1 to 2, decreased from Case 2 to 3, and then increased
again between Cases 3 and 4. This up and down behavior in the total resistance occurred even
though the fluid discharge and velocity monotonically increased with each case or Reynolds number.
To make the results of the simulations more comparable to classic sediment transport theory, we
decomposed the total shear stress τ into a frictional component τ ′ and the bedform and collision-
drag component τ ′′ with τ = τ ′ + τ ′′. The frictional component, τ ′, was calculated from the
force needed to drive the flow at the given flow rate before significant particle motion or bedform
development. This is the friction between the water and the bed at the sediment grain size scale.
In contrast, the total shear stress τ values were obtained from the average of the total force needed
to sustain the unit width discharge once the bedforms had fully developed. The contributions from
the form drag and the collisions between suspended and the immobile particles were then inferred
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by taking the difference between the two, i.e., τ ′′ = τ − τ ′. Finally, following the conventions in
sediment transport literature, we use the corresponding friction velocities defined as u∗ =
√
τ/ρf ,
u′∗ =
√
τ ′/ρf and u′′∗ =
√
τ ′′/ρf , respectively, to denote the three shear stress components. Shear
velocity values for these three components are given in Table 2 along with key contextual sediment
transport parameters, all of which were calculated using the friction shear stress u′∗. We have done
the partition in a way that mimics what is often done in sediment transport calculations. That is,
where the skin component of the drag is related to the drag that would be present given a fixed
bed (same grain size but no bed forms), and form drag is the difference between the total drag (in
the presence of bedforms and grain collisions) and the skin friction based on grain size.
The conditions in the numerical simulations are compared to the regime map obtained from the
summary of experimental results, shown in Fig. 3. Figure 3(a) is plotted according to the Shields
diagram of sediment transport. The Shields curve is plotted as solid line to denote the threshold for
incipient sediment motion (van Rijn, 1984a). The yellow (shaded) region indicates the criteria for
the initiation of suspended load. The dash-dotted curve denotes the threshold that the suspended
load becomes dominant (Bagnold, 1966; Naqshband et al., 2014a). It can be seen in Fig. 3(a) that in
Case 1, the suspended load is negligible. When the flow rate increases, the suspended load increases
and becomes dominant in Case 4. The phase diagram of the generation of bedforms is plotted in
Fig. 3(b) according to Southard and Boguchwal (1990). It can be seen that the conditions for Case
1 fall in region II, where small ripples are generated in experimental studies. Dune-like patterns
are observed in the experimental studies when the conditions are consistent with Case 2. For Case
3 and 4, the hydraulic conditions fall in region V, which is an overlapped region of dunes, upper
plane beds, and antidunes.
5.2. Bedform morphology and evolution
The bedform morphology and evolution obtained from numerical simulations of various bulk
Reynolds numbers are compared in this section. In our previous study (Sun and Xiao, 2016a), we
had already demonstrated that the LES–DEM model is capable of self-generating bedforms with
physically meaningful heights, wavelengths, and migration velocities. The simulated characteristics
had been validated against experimental measurements and interface-resolved simulations reported
in the literature (Kidanemariam and Uhlmann, 2014a). The bedforms that develop in the present
study are similar. Based on the calculated Shields parameter, θ = 0.15 to 0.65, and a particle
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Table 2: Resulting shear velocities, sediment transport conditions, and bedform features at different bulk Reynolds
numbers Reb. All transport conditions are calculated with the skin friction shear velocity, u
′
∗. Bedform characteristics
were given for t∗ ∈ [700, 750].
Case 1 Case 2 Case 3 Case 4
Shear velocity decomposition
total shear velocity u∗ [m/s] 0.037 0.081 0.072 0.088
fluid friction shear velocity u′∗ [m/s] 0.032 0.045 0.057 0.069
collisional and form shear velocity u′′∗ [m/s] 0.019 0.067 0.043 0.055
ratio of collisional/form drag to total, u′′∗
2/u2∗ 0.25 0.69 0.37 0.39
Sediment transport conditions
particle Reynolds number Rep = dp
√
gRsdp/ν 43
critical Shields parameter θcr 0.032
ws/u
′∗ 1.88 1.33 1.05 0.87
Shields parameter θ 0.15 0.28 0.44 0.65
mobility condition θ/θcr 4.6 8.5 13.6 20.0
total load q∗t = qt/dp
√
gRsdp 0.04 1.12 0.97 4.65
suspended load fraction, αs = q
∗
s/q
∗
t 0.14 0.17 0.43 0.66
Bedform characteristics
wavelength (Ld/dp) 160 312 312
(a) N.A.
height (Hd/dp) 3.1 11.6 7.2
(a) N.A.
migration velocity (Ud/Ub) 0.017 0.053 0.088
(a) N.A.
bedform transport rate q∗bf = qbf /dp
√
gRsdp 0.06 0.93 N.A. N.A.
Note: (a) While bedform characteristics are presented for Case 3, it should be noted that any
structure that was present at a given time was highly unstable and significantly less dune-like than
the bedforms in Cases 1 and 2.
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Figure 3: The phase diagrams of different sediment transport conditions in the present study. In the phase diagram,
overlap I is the overlap region of dune, upper plane bed, and antidunes; overlap II is the overlap region of ripples,
upper plane bed, and antidunes; overlap III is the overlap region of upper plane bed and antidunes.
Reynolds number of Rep = dp
√
gRsdp/ν = 43 (Table 1), where Rs = (ρs−ρf )/ρf is the submerged
specific gravity. We can say that the simulation conditions are inline with those that should give
rise to bed load bedforms that transition to suspension dominated bedforms according to the
Shields-Parker river sedimentation diagram (Garc´ıa et al., 2000).
The space-time evolutions of the bed surface at various bulk Reynolds numbers are plotted in
gray scale in Fig. 4. This aims to demonstrate the variation of the surface in the temporal-spatial
domain. It should be noted that bedforms generated in the simulations are three-dimensional, but
the lateral-averaged bed surface profiles are plotted. The surface of the bed is determined by using
a threshold value εs = 0.1 according to Kidanemariam and Uhlmann (2014a). Dark and light
oblique stripes, which are the peaks and troughs of the bedforms respectively, can be observed at
all Reynolds numbers. Moreover, the bedforms at all bulk Reynolds numbers are developed from
the perturbations on the flat bed, which is consistent with the observations by Kidanemariam and
Uhlmann (2014a). To facilitate presentation, the physical time t is normalized by the constant
T = Hb/Ub, and thus the resulting non-dimensional time is denoted as t
∗ = t/T . Figure 4(a)
shows that the slope of the stripes after non-dimensional time t∗ > 400 is smaller than that of
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t∗ ∈ [200, 400]. The decrease of the slope indicates the bedform migration velocity decreases due to
the growth of the bedform, which is also observed in previous experimental studies (Ouriemi et al.,
2009). Since flow rate qf is constant and sediment transport rate does not vary significantly when
the bedforms are generated, larger bedforms move slower (Paarlberg et al., 2006). Comparing the
slope of the stripes in each case (Fig. 4), one can observe that migration velocity increases with the
Reynolds number or shear. This occurs even though the bedforms grow in size from Case 1 to 2,
indicating an overall increase in the sediment transport rate due to the faster moving particles and
bedforms.
It can be also seen in Fig. 4 that the bedform surfaces are stable in Cases 1 and 2, and unstable
in Case 3 and 4. To further investigate the stability of the bedform, the profiles of the bed surfaces
obtained in each case during t∗ ∈ [600, 800] are plotted in Fig. 5. The time interval t∗ ∈ [600, 800]
is selected because the bedforms are fully developed during this time. The profiles of the bed are
plotted using the relative longitudinal location with respect to the bedform, X, where X = x−Udt,
x is the fixed downstream direction, and Ud is the bedform migration velocity. When the bedform is
stable, bedform surface profiles are overlapping when plotted in the moving-frame. It can be seen in
Figs. 5(a) and 5(b) that the self-generated bedforms in Case 1 and 2 are stable and the bed surface
profiles are highly overlapped. In contrast, the bed profiles in Fig. 5(c) are not overlapping, and
there is an offset of about 50dp between the time-averaged bed profiles obtained when t
∗ ∈ [600, 650]
and t∗ ∈ [700, 750]. The offset between the bed profiles at different time intervals shows that the
bed surface profile at bulk Reynolds number Reb = 10,000 (Case 3) is less stable than those at lower
Reynolds numbers or shear. This suggests that the present simulation at Reb = 10,000 captures the
transition from ‘dune migration’ to ‘suspended sediment transport’. At even higher bulk Reynolds
number Reb = 12,000, shown in Fig. 5(d), the time-averaged bed profiles when t
∗ ∈ [600, 650]
and t∗ ∈ [700, 750] fluctuate even more than those at Reb = 10,000. Although bedforms are still
generated at Reb = 12,000, they are very unstable because the shear stress of the fluid flow is
high enough to wash out the bedforms almost immediately after they appear. The transition from
bedform inception to washout conditions is also observed in the experimental studies (Bridge and
Best, 1988; Bennett et al., 1998; Baas, 1994). From the experimental studies, the wavelength of
the bedform decrease slightly compared to the fully-developed bedform, which is consistent with
our simulation results. The height of the bedform decreases more significantly than the wavelength
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(a) Case 1: Reb = 6,000 (b) Case 2: Reb = 8,000
(c) Case 3: Reb = 10,000 (d) Case 4: Reb = 12,000
Figure 4: Time-space evolution of the bedforms at bulk Reynolds numbers Reb from 6,000 to 12,000. The color of
the contour indicates the height of the bed surface compared to the initial flat bed.
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in both experimental measurements and the present simulations.
To quantitatively compare the features of the bedforms at different bulk Reynolds numbers, the
height Hd, the wavelength Ld, and the migration velocity Ud of the bedforms obtained in the present
simulations are summarized in Table 2. The height and wavelength of the bedforms are calculated
from the averaged bed surface profiles, and the migration velocity is obtained from the slope of the
stripes in Fig. 5. Since the bedforms generated at Reb ≥ 10, 000 are highly unstable, these features
are presented during t∗ ∈ [700, 750] when the bedforms appear at all Reynolds numbers. When
bulk Reynolds number increases from 6,000 to 8,000, the wavelength of the bedforms increases from
160dp to 312dp, and the height grows from 3.1dp to 11.6dp. This increase of the wavelength and
height indicates the bedforms grows faster at higher Reynolds numbers, which is also observed in the
experiments (Ouriemi et al., 2009). This is attributed to the fact that the sediment transport rate
increases significantly when the flow rate increases. As can be seen in Table 2, the bedform height
decreases when bulk Reynolds number increases from 8,000 to 12,000. Although the sediment
transport rate still increases, particles begin to have longer jump length or move in suspension,
resulting in a move towards the washout of the bedforms. In addition, the increase of the non-
dimensional bedform migration velocity is observed in the present simulations. When the flow
velocity increases, the growth of sediment transport rate is much larger than the increase of flow
velocity, and thus the non-dimensional bedform migration increases.
5.3. Individual particle transport characteristics
A unique advantage of the LES–DEM approach over low-fidelity, continuum-scale simulation
approaches is its capability to capture the trajectories of individual sediment particles. To fully
utilize this advantage offered by the high-fidelity approach, we compare the trajectories of sediment
particles when moving over the bed surface at different bulk Reynolds numbers. Our aim in plotting
the trajectories of individual sediment particles is to demonstrate the variation of the particle
behavior at different bulk Reynolds numbers and under different sediment transport regimes (i.e.,
bed load, mixed, and suspended load). In addition, the motion of the buried individual particles at
bulk Reynolds number Reb = 6,000 is presented. The study of the burial of the individual particles
aims to investigate the trajectories of sediment particles during bedform migration process after
they jumped over the crest on the bedform.
The snapshots of the individual particles jumping over the crest at bulk Reynolds number Reb
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(a) Case 1: Reb = 6,000 (b) Case 2: Reb = 8,000
(c) Case 3: Reb = 10,000 (d) Case 4: Reb = 12,000
Figure 5: The surface of the bed when t∗ ∈ [600, 800] at bulk Reynolds numbers Reb from 6,000 to 12,000, where
the non-dimensional time is defined as t∗ = tUb/Hb. The x-axis is the relative longitudinal location with respect to
the bedform, X, where X = x − Udt, x is the fixed downstream direction, and Ud is the migration velocity of the
bedform.
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= 6,000 during t∗ ∈ [700, 718] are shown in Fig. 6. To demonstrate the saltation process of the
sediment particles, we randomly selected 20 particles with initial velocity up > 0.1 m/s on the stoss
side and plotted their trajectories. The interval between two consecutive snapshots is ∆t∗ = 6,
or equivalently ∆t = 0.2 s at Reb = 6, 000. It can be seen in the figures that overall behavior of
the selected particles on the bed surface is similar. On the stoss side, these selected particles gain
energy from the fluid flow and move faster than the bedform. However, on the lee side, the flow
velocity decreases after the peak of the bedform, and thus the deposition of the particles can be
observed. Since the particles on the stoss side jump over the peak of the bedform and deposit on
the lee side, the bedform progresses downstream.
The trajectories of individual particles at various bulk Reynolds numbers during t∗ = [700, 725]
in the longitudinal saltation process are shown in Fig. 7, which is to demonstrate the variation of
longitudinal saltation in different flow regimes. When the bulk Reynolds number increases from
6,000 to 8,000, the jumping length of the particles significantly increases. At Reb = 8,000, both the
bulk velocity and the height of the bedform in the channel are larger than those at Reb = 6,000,
and thus the flow velocity on the stoss side of the bedform increases. Therefore, the longitudinal
jumping velocity of the individual particle in the flow and the jumping length also grow. However,
at bulk Reynolds number Reb = 12,000, the bedform is washed out and behavior of the selected
particles is not associated with the surface of the bed.
The probability density functions of the particle jumping distances are plotted in Fig. 8. The
saltation of sediment particles is determined by using Ud as threshold velocity. At bulk Reynolds
number Reb = 6,000, the peak of the probability density function is at x/dp = 30, which is much
smaller than the bedform wavelength x/dp = 150. This is because at Reb = 6,000 the longitudinal
saltation occurs when the particles are close to the peak of the bedform. At this Reynolds number,
the probability density of the particles jumping over x/dp = 150 is small. This indicates the number
of bypassed sediment particles is negligible and the wavelength x/dp = 150 in this case is stable.
At Reb = 8,000, the peak of the probability density function moves to x/dp = 150. When bedform
is generated in the channel, the flow field on the stoss side would be influenced by the bedform
and a vertical flow velocity can be observed (Naqshband et al., 2014b). Hence, the resident time
of jumping particles is longer and the peak in the probability density function increases. At Reb =
10,000, the peak of the probability density function is also at x/dp = 150. Due to the increase of
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bulk flow velocity, the number of particles jumping over longer distances increases.
When the Reynolds number continues to increase to 12,000, the probability density of the
jumping distance of x/dp > 300 is significantly larger than those at smaller Reynolds numbers.
The increase of the probability density of long-jumping particles is because the suspended load at
Reb = 12,000 is dominant and the number of bypassed sediment is much larger. In addition, a
small peak at x/dp = 100 is observed from the probability density function. The magnitude of this
peak is smaller for Reb = 12,000 than for Reb = 8,000 and 10,000. This is because the bedform
formed at Reb = 12,000 is washed out and have smaller wavelength (shown in Fig. 5).
The snapshots of the burial process of individual particles at bulk Reynolds number Reb = 6,000
are demonstrated in Fig. 9. This study of the burial of sediment particles aims to demonstrate the
behavior of the deposited sediment particles during the bed migration process after they jumped
over the crest of the bedforms. This is complementary to the previous study of the trajectories
of the jumping particles. We selected 100 representative particles on the surface at t∗0 = 700 and
highlighted them in red (shade) color. It can be seen in Fig. 9(a) that the highlighted particles
are rolling and jumping on the bed surface at the initial time step. At t∗0 + 40, these highlighted
particles are deposited on the same location (x/dp = 120) at the lee side of the bedform, which
is shown in Fig. 9(b). Comparing from the locations of the highlighted particles in Fig. 9(b) and
9(c), when the particles are buried in the sediment bed, they do not move with the migration of the
bedform. This is because the buried particles are below the bed surface and the influence of fluid
flow on them is negligible. When the bedform continues to move forward, shown in Fig. 9(d), some
buried particles are exposed on the bed surface because of flow erosion on the stoss side. Once the
previously buried particles are exposed on the bed surface, they can be entrained in the fluid flow
and move on the surface of the bed. Compared with the observations in Fig. 6, the buried particles
do not move with the migration of the bedform, although the bedform progresses downstream due
to the entrainment and deposition of the particles on the bed surface. Visualization of the burial
process shows that only the particles on the bed surfaces are migrating along with the bedform.
This observation sheds light on the grain-level dynamics in bedform evolution and can provide
valuable insights for the numerical modeling.
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(a) t∗0 (b) t
∗
0 + 6
(c) t∗0 + 12 (d) t
∗
0 + 18
Figure 6: The trajectories of the sediment particles on the crest of the bedform at bulk Reynolds number Reb = 6,000
starting from non-dimensional time t∗0 = 700. The time is normalized based on flow depth Hb and bulk velocity Ub
as t∗ = tUb/Hb. Each circle represents a sphere particle: red circles are highlighted particles; gray particles are
non-highlighted. Solid lines are the trajectories of the highlighted particles.
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(a) Reb = 6, 000 (b) Reb = 8, 000
(c) Reb = 10, 000 (d) Reb = 12, 000
Figure 7: Comparison of the trajectories of the sediment particles on the crest of the bedform during t∗ ∈ [700, 725]
at different bulk Reynolds numbers. Each circle represents a sphere particle: red circles are highlighted particles;
gray particles are non-highlighted. Solid lines are the trajectories of the highlighted particles.
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Figure 8: Comparison of the probability density functions of the longitudinal jumping length of the sediment particles
during t∗ ∈ [700, 725].
(a) t∗0 (b) t
∗
0 + 40
(c) t∗0 + 80 (d) t
∗
0 + 120
Figure 9: The snapshots of the burial of the sediment particles on the crest of the bedform at bulk Reynolds number
Reb = 6,000. Each circle represents a sphere particle: red circles are highlighted particles; gray particles are non-
highlighted. The first snapshot corresponds to non-dimensional time t∗0 = 700.
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6. Discussion on the averaged sediment transport quantities
In addition to the characteristics of individual sediment particles, the averaged quantities of
sediment particles are detailed to investigate their spatial variation due to bedform generation and
migration. In this section, the sediment concentration, the sediment velocity, the particle entrain-
ment and deposition rates, and the bed and suspended loads are investigated. These quantities are
averaged both in time and laterally in a moving frame of reference to present the quantities as a
function of the vertical direction, y, and the relative longitudinal location X = x−Udt with respect
to the bedform.
The contours of the moving-averaged sediment concentration and velocity from t∗ ∈ [600, 800]
are shown in Fig. 10. This demonstrates the variation of sediment concentration and velocity at
different bulk Reynolds numbers and sediment transport regimes. It can be seen in the concentra-
tion contours that the sediment concentration is more diffusive at larger Reynolds numbers. At Reb
= 6,000, the bedform migration velocity is stable, and the distance δs between the concentration
isosurfaces of εs = 0.1 and 0.5 is 2dp. At Reb = 8,000, although the bedform migration velocity
is stable, the saltation height of the sand particle is increased, and thus the distance δs increases.
When the bulk Reynolds number increases to 12,000, the suspended load becomes dominant, and
there is a dramatic increase in the momentum exchange between the fluid and sediment parti-
cle. Therefore, the distance between the concentration isosurfaces δs can be as large as 10dp. It
should be noted that the dune-like features in Figs. 10(c) and 10(d) is because of the generation
of unstable bedform. Moreover, the magnitude and direction of particle velocity are plotted using
arrows on top of the concentration contour. This aims to demonstrate the averaged motion of sand
particles and its correlation to bed surface. It can be seen in both Fig. 10(a) and 10(b) that the
particle velocities at the crest of both bedforms are larger than at other locations. It can be also
seen that the arrows of the particle velocity under the dune is too small and are not visible in
the figure. To help with the explanation of the particle downstream motion, we have also plotted
the moving-averaged fluid velocity in Fig. 11. The predictions of flow velocity contour using LES–
DEM are qualitatively consistent with the measurement in the experimental study (Naqshband
et al., 2014b), although the fluid flow data cannot be compared directly with the experimental
data. According to the flow velocity contour, the increase of particle velocity is due to the increase
of the fluid velocity at the bedform crest, which is also consistent with the findings in previous
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experimental measurements (Kostaschuk et al., 2004, 2009). When a larger bedform is generated
at Reb = 8, 000, the recirculation of the fluid flow after the crest is captured in the simulations.
Note that the streamlines can be seen under the bed surface of εs = 0.1 in Fig. 11(b). This can be
explained by the fact that the fluid flow moves with the sediment particles in the bed load layer in
the sediment bed.
(a) Case 1: Reb = 6,000 (b) Case 2: Reb = 8,000
(c) Case 3: Reb = 10,000 (d) Case 4: Reb = 12,000
Figure 10: Moving-frame averaged solid concentration contour at various Reynolds numbers. On top of the concen-
tration contour, the arrows denote the moving-frame averaged velocity of sediment particle.
In the vertical direction, the quantities of interest to study sediment transport are the sedi-
ment entrainment and deposition, which are difficult to measure directly in experiments. Here we
present both entrainment rate qe and deposition rate qd, which are a product of average sediment
concentration and particle velocity εsup,y, i.e., they are the volume flux of sand particles per unit
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(a) Reb = 6, 000 (b) Reb = 8, 000
(c) Reb = 10, 000 (d) Reb = 12, 000
Figure 11: Moving-frame averaged flow velocity contour at various Reynolds numbers. On top of the flow velocity
contour, the blue (solid) lines denote the streamline of moving-frame averaged velocity of fluid flow. The black (thick)
lines denote the moving-frame averaged bed surface profiles.
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area. Since the behavior of individual particles can be traced, the entrainment rate is calculated
using particles having positive vertical velocity; whereas the deposition rate is obtained by using
particles having negative vertical velocity. By using this definition, the calculated entrainment rate
is the sediment flux entrained in the flow; the deposition rate is the sediment flux added to the bed.
This is consistent with the definition of sediment entrainment and deposition. The entrainment
rate is plotted in Fig. 12. It should be noted that the entrainment rate is not constant along the
vertical or streamwise directions. Therefore the sediment entrainment rates shown in the figure are
a bed-averaged rate. The markers in the figure are the entrainment rates at εs = 0.1, and the error
bars denote the range of the entrainment rates between the isosurfaces of sediment concentration
εs = 0.05 to 0.5. Empirical functions for entrainment based on flume data are also shown in the
figure (Luque, 1974; van Rijn, 1984b; Emadzadeh and Cheng, 2016). In general, the bed-averaged
LES–DEM derived values fall within the range of these empirical formulas and are closest in value
to that of van Rijn (1984b).
To demonstrate the variation of the vertical sediment transport, the entrainment rate and
deposition rate at the bed surface, εs = 0.1, are plotted as a function of the streamwise coordinate
in Fig. 13. When the bedform is stable in the moving frame of reference (Reb = 6,000 and 8,000),
the total sediment flux in the vertical direction is above zero on the stoss side of the bedform, and
becomes negative on the lee side. That is not to say that only entrainment occurs on the stoss and
deposition in the wake, but rather that there is net entrainment over the stoss and net deposition
in the wake. Both entrainment and deposition rate increase with Reynolds number.
In general, the total streamwise sediment transport rate, qt or q
∗
t = qt/dp
√
gRsdp [-], can
be found by integrating the particle velocities and concentrations over the total thickness of the
domain and then averaging this over the length of the domain. These values are given in Table
2. However, it is also of interest to decompose this total downstream transport rate into bed,
qb, and suspended, qs, load fractions. To this end, particles moving above the isosurface of the
critical sediment volume fraction εs,cr are considered as suspended load and those moving below
this isosurface are considered as bed load. The critical sediment volume fraction to determine the
suspended load is proposed in van Rijn (1984c):
εs,cr = 0.03
dp
Hd
T 1.5
D∗0.3 , (11)
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Figure 12: Horizontally averaged sediment entrainment rate during t∗ ∈ [700, 750] plotted as a function of Shields
parameter. The markers indicate the entrainment rate obtained on the isosurface of εs = 0.1, and the error bars
indicate the range of entrainment rates obtained at different isosurfaces ranging from εs ∈ [0.05, 0.5].
(a) Case 1: Reb = 6,000 (b) Case 2: Reb = 8,000
Figure 13: Comparison between the entrainment and deposition of sediment particles at Reb = 6,000 and 8,000. The
lateral-averaged bed profiles are plotted below to demonstrate the location of the stoss side and lee side. The vertical
solid line in the figure indicates the location of the peak of the bedform. The range of the x-axis in each panel is
consistent with the bedform wavelength.
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where non-dimensional particle diameters D∗ is:
D∗ = dp
[
(s− 1)g
ν2
]1/3
, (12)
and the transport stage parameter T is:
T =
(u′∗)2 − (u∗,cr)2
(u∗,cr)2
. (13)
Based on these criteria, the simulations show an increase in the overall suspended load fraction,
αs = qs/qt, from 0.14 in Case 1, up to αs = 0.66 at Case 4. Values for αs are given in Table 2. The
overall suspended load fraction obtained in the present simulations are consistent with the summary
of experimental results in (van Rijn, 1984c). Note that the total domain-averaged transport rates
were used in the calculation of αs.
We can also look at the distribution of the non-dimensional total, bed, and suspended loads over
the length of a bedform in a moving frame of reference. Such distributions are shown in Fig. 14.
The results are obtained by using the moving-averaged data from t∗ ∈ [600, 800] for Case 1 and 2.
The moving-averaged bed profiles is also plotted in Fig. 14 to demonstrate the correlation between
of transport rates and the bed profile. The most striking feature of the load distribution is that
q∗t follows the general bedform shape. Total transport rates increase moving from the preceding
trough up and over the stoss of the bedform. Peak transport is reached near the crest of the
bedform and then rapidly falls off in the wake. At Reb = 6,000, bed load is by far the dominant
contributor to the total transport rate. Additionally, no transport occurs in the trough between
sequent bedforms. That is, all sediment being transported in the domain is tied up in the movement
of the bedforms. However, at Reb = 8,000, a far greater percentage of the sediment being moved
travels in suspension. Interestingly, the bed load transport rate at Reb = 8,000 is fairly constant in
the streamwise direction over the length of the stoss. The peaking nature of the total transport rate
over the length of the bedform, therefore, comes from the increasing contribution of suspended load
over the stoss as the particle velocities increase. As with the Reb = 6,000 case, bed load transport
in the trough between sequent bedforms goes to zero. However, the total transport rate remains
positive in the trough due to the bypass contributions from suspended load (Fig. 14).
One additional way to estimate bed load transport rates is through use of the bedform height,
celerity, and porosity (e.g., Simons et al., 1965; McElroy and Mohrig, 2009). We calculated the
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(a) Case 1: Reb = 6,000 (b) Case 2: Reb = 8,000
Figure 14: Comparison between the bed load and suspended load of sediment particles at bulk Reynolds number
Reb = 6,000 and 8,000 during t
∗ ∈ [600, 800]. The lateral-averaged bed profiles are plotted below to demonstrate the
location of the stoss side and lee side. The vertical line in the figure indicates the location of the peak of the bedform.
The range of the x-axis in each panel is consistent with the bedform wavelength.
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bedform transport rate, qbf , as:
qbf = (1− φ)UdHd
2
(14)
where φ is the average porosity of the bed (taken to be φ = 0.5); note Eq. (14) assumes the beforms
are triangular in shape. By using Eq. (10), we compared the calculation of the bedform transport
rate with our previous definition in which the particles moving below the isosurface of the critical
concentration εs,cr are bed load at Reb= 6,000 and 8,000. Non-dimensional values of qbf are given
in Table 2 for Cases 1 and 2 using values of Ud and Hd also reported in the same table. Eq. (14)
did well in estimating the total transport load in Case 1 (Reb= 6,000); q
∗
bf = 0.06 compared to
q∗t = 0.05. This result is reasonable seeing that the total transport rates go to zero in the troughs
for Case 1 (Fig. 14(a)). The value of q∗bf = 0.93 in Case 2 is larger than that in Case 1, but is
smaller than the total load determined from the particle motions, q∗t = 1.12. The reduction in qbf
relative to q∗t is likely an outcome of the fact that q∗t does not go to zero in the trough for the Reb=
8,000 run (Fig. 14(b)). Interestingly, while q∗bf was smaller than the total load at this condition,
q∗bf was higher than the bed load transport rate, q
∗
b = 0.52. This implies that some of the material
counted as suspended load, in our definition of suspended load, was contributing to the migration
of the bedform. The suspended load can be determined from a difference between the total load
and bedform transport rate, and the difference q∗s = q∗t − q∗bf , yields a suspended load fraction at
Reb= 8,000 of αs = 0.17. This is consistent with the of αs value determined using our definition of
suspended load as particles moving above the isosurface of εs,cr.
The thickness of both the bed and suspended load layers are shown as a function of the stream-
wise coordinate in Fig. 15. The height of the bed load layer is defined as the distance of the
isosurfaces of sediment concentrations εs between the critical value εs,cr and 0.5, and the height of
suspended load layer is the distance of the concentration isosurfaces between 0.01 and the critical
value εs,cr. The definition to determine the bed load layer thickness is consistent with our previous
definition in the calculation of bed load flux. The bed surface profiles are also plotted to help
illustrate the location of peaks of the thickness. It can be seen in Fig. 15 that the maximum heights
of both bed and suspended load layers are not at the peak of the bedform but on the lee side of
the bedform. The increase of the bed load layer thickness is because the slope of the bedform on
the lee side is significantly larger than the stoss side, and the thickness in the vertical direction
increases due to the increase of the slope; whereas the increase of suspended load layer thickness at
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Reb = 8,000 is due to particle suspension in the recirculation region after peak of bedform. It can
be also seen in the figure that both the thickness of the bed load layer and suspended load layer is
increasing when the bulk Reynolds number increases. The moving-frame averaged particle velocity
is also plotted as a function of streamwise coordinate in Fig. 15. It can be seen in the figure that
the trend of average particle velocity is consistent with the bed profiles, which is consistent with
the trend of sediment transport rate in Fig. 14.
(a) Case 1: Reb = 6,000 (b) Case 2: Reb = 8,000
Figure 15: Comparison between the thickness of bed load/suspended load layer and sediment particle velocity at
Reb = 6,000 and 8,000 during t
∗ ∈ [600, 800]. The range of the x-axis in each panel is consistent with the bedform
wavelength.
7. Conclusion
In this study, we have investigated the individual particle motions associated with self-generated
bedforms at different bulk Reynolds numbers, or transport stages, using SediFoam. The simulations
presented cover a range of transport conditions from bedform inception at transport stage of θ/θcr =
4.6 to washout conditions (at approximately θ/θcr > 10 and ws/u
′∗ ≈ 1). Calculation of the
individual particle statistics showed that washout starts to occur when the jump length of the
individual particle starts to exceed the wavelength of the bedforms and computational domain. This
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also coincided with a transition from bed load dominated transport to suspended load dominated
transport. The current LES–DEM model can complement the experimental results by providing
much detailed information of the system, e.g., individual particle trajectories, statistics of particle
migration behaviour, detailed flow field, and fluid–particle interactions, among others. With the
LES–DEM simulation results and the insights generated therein, the closure terms in the two-fluid
models or hydro-morphodynamic models can be improved, which can contribute to the numerical
modeling in the sediment transport problems in engineering scales.
When bedforms were present, both bed and suspended load increased over the stoss side of
the bedforms; reaching a peak in the individual particle and total transport just at or before the
crest of the bedforms. For the lower transport conditions (θ/θcr = 4.6 and ws/u
′∗ = 1.88), material
moved almost exclusively in bed load, and nearly 100% of the material transported from and over
the stoss was trapped in the lee-side wake. No material bypassed the bedform. At this condition,
the total sediment transport rate was well approximated by the bedform transport rate calculated
using the bedform height, celerity, and bed porosity (Eq. (14)). As contributions from suspended
load increased (θ/θcr = 8.5 and ws/u
′∗ = 1.33), a fraction of the sediment was found to bypass the
trough of the bedform. This resulted in a positive sediment transport rate through the trough. One
result of this was that the transport rate predicted from the bedform properties underestimated
the total transport rate. In this case, the difference between the total load and sediment transport
rate associated with bedform migration was not equal to the suspended load transport rate. In
our definition of suspended load, material can be picked up in suspension and deposited back down
onto the sediment bed in a way that contributes to the overall size and migration speed of the
bedform. Hence, calculating the transport rate from the bedform properties included contributions
from both bed and suspended load.
In this study we do not examine the fluid mechanics of the system or the links between coherent
flow and the sediment motion. Instead, we have highlighted the ability of LES–DEM methods to
obtain the detailed particle motion data that cannot, at least as of yet, be obtained through field
or laboratory studies of sand beds. The type and amount of data that can be generated with
such methods is rather staggering, and the presence of mobile bedforms presents added challenges
with regard to presenting the detailed data in a meaningful way. In this paper, we have chosen
to present data on individual particle jump lengths, particle entrainment into suspension, and the
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fractionation between bed and suspended load within a moving frame of reference that is tied to
the celerity of the bedforms. We demonstrate that the LES–DEM method can be used to both
investigate individual particle dynamics and extract key sediment transport quantities needed to
bolster modeling of mobile beds in coarser resolution simulations. For example, use of the LES–
DEM method allowed for the evaluation of the particle pickup rates over the heterogeneous stress
field of the mobile bed surfaces. Depending on how the bed load and suspended load layers are
conceptualized as existing, one could use this type of information to further develop models of
suspended load entrainment under a range of condition.
While methods such as SediFoam are opening up new doors for the exploration of detailed
particle dynamics in sediment transport research, such simulations are still limited by computational
resources. For example, we were not able to generate stable bedforms at Reb > 8, 000 (or θ/θcr >
10). At this point it is difficult to say whether the bedforms were washed out because the mode of
transport switched unequivocally to suspended load or because the domain became smaller than
the jump length of the particles. For example, at Reb =10,000 and 12,000, correlated waves of
suspended load could be observed moving through the domain (Figs. 10(c) and 10(d)). Perhaps
such waves would lead to longer wavelength bedforms given enough space. However, doubling the
size of the domain would further increase the number of particles and the mesh size required to
resolve the flow field, leading to increased computational costs. Another avenue left to push towards
in the application of LES–DEM methods for sand bed research is the incorporation of deeper flows,
the presence of a free surface, and the use of a grain size distribution within the bed. The form lift
for realistic particles is also important and contributes to the uncertaities of the results. As such
advances come to fruition, it is possible to conceive of parametric numerical simulations being run
to better refine our understanding of the particle physics involved in the movement of sand through
rivers.
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Appendix: Grain Avalanching Test
If the angle of the lee side of the bedform is larger than the angle of repose, the sediment particles
are falling along the lee side to the bottom. In the present simulations, the motions of individual
sediment particles are captured, and there is no ad-hoc modeling of the grain avalanching. In this
section, the grain avalanching test is performed to validate that SediFoam can capture the repose
angle of the sediment particles.
The parameters of the computational domain and mesh resolution of the grain avalanching test
are shown in Table A.1. The properties of fluid and sediment particles are consistent with those
detailed in Table 1. The fluid flow is quiescent initially. A separate simulation of particle settling
is performed to obtain an initial configuration of the particles, and the particles fall from random
positions under gravity with inter-particle collisions. To provide a bottom boundary condition for
the moving particles, the bottom wall is covered with one layer of fixed particles with random
perturbations. The physical parameters of the simulation are also shown in Table 1. The particle
diameter is 0.5 mm and initial hight and width of the particle pile is 15 mm. The velocity of the
sediment particles is smaller than 1× 10−6 m/s after 0.6 s. The time step is 5× 10−4 s for the fluid
flow and 1× 10−6 s for the particles.
The snapshots of the arrangement of the sediment particles are shown in Fig. A.1. When the
grains stop moving, the repose angle is measured by using the steepest angle of the profile (Zhao,
2014). The repose angle obtained in the present simulation is 19.8◦. This angle is consistent with
the results obtained by using mono-dispersed spheres (20.0◦ in Goniva et al. (2012) , 22.6◦ in Zhao
and Shan (2013)). Note that the repose angles of poly-dispersed or irregular sand particles are
larger than that of mono-dispersed spheres (Zhao and Shan, 2013; Zhao, 2014).
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Table A.1: Parameters used in the grain avalanching test.
Domain dimensions
length, height, thickness (Lx/dp, Ly/dp, Lz/dp) 160× 40× 8
length, height, thickness in mm (Lx, Ly, Lz) 80× 20× 4
Mesh resolutions
length, height, thickness (Nx, Ny, Nz) 80× 20× 1
Particle properties
total number 6,000
diameter dp [mm] 0.5
density ρs [×103 kg/m3] 2.5
(a) T = 0.02s (b) T = 0.10s
(c) T = 0.20s (d) T = 0.60s
Figure A.1: The snapshots of sediment particles arrangement obtained in the avalanching test at different times. The
arrows are indicating the magnitude and the direction of the fluid velocity Uf .
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